Summary Tamarix chinensis Lour., which is common throughout the southwestern USA, is a phreatophytic riparian tree capable of high water use. We investigated temporal congruence between daily total evapotranspiration (E) estimated from stem sap flux (J s ) measurements (E sf ) and eddy covariance (E cv ), both seasonally and immediately following rain events, and used measurements of leaf-level gas exchange, stem water content and diurnal changes in leaf water potential to track drivers of transpiration. In one study, conducted near the end of the growing season in a pure T. chinensis stand adjacent to the Rio Grande River in central New Mexico, nighttime E sf as a proportion of daily E sf increased with water availability to a peak of 36.6%. High nighttime E sf was associated with underestimates of nighttime E cv . A second study, conducted in west Texas, beside the Pecos River, investigated the relationships between nighttime J s and stem tissue rehydration, on the one hand, and nighttime E, on the other hand. Leaf gas exchange measurements and stomatal impressions suggested that nighttime J s was primarily attributed to concurrent transpiration, although there were small overnight changes in stem water content. Both vapor pressure deficit and soil water availability were positively related to nighttime J s , especially following rainfall events. Thus, both studies indicate that T. chinensis can transpire large amounts at night, a fact that must be considered when attempting to quantify E either by eddy covariance or sap flux methods.
Introduction
Many studies have demonstrated that nighttime transpiration (E) of woody plants can exceed 20% of daily transpiration (Snyder et al. 2003 , Bucci et al. 2005 . Nighttime transpiration occurs in many species, including halophytes, phreatophytes and shade-intolerant species, particularly where both water availability and nighttime atmospheric vapor pressure deficits (D) are high (Donovan et al. 1999 , Caird et al. 2007 , Kavanagh et al. 2007 , Marks and Lechowicz 2007 .
Sap flux (J s ) at night integrates concurrent transpiration (E) and tissue rehydration following depletion of tissue water lost through E the previous day. Transpiration has been estimated to account for 15-60% of nighttime J s , depending on the method of partitioning stem capacitance recharge and transpiration ).
Proposed functions of nighttime E and the physiological processes by which stomata function in the absence of solar radiation include, for example, the promotion of early morning carbon fixation by pre-equilibrating intercellular CO 2 concentration with the atmosphere and enhancement of nutrient supply to the crown . High nighttime E has also been associated with nutrient limitation, supplying more nutrients in the transpiration stream , Marks and Lechowicz 2007 , Scholz et al. 2007 .
Halophytes experiencing excessive salinity are also known to transpire at night as a mechanism for maintaining internal osmotic and tensile pressure potentials in vegetation that accumulate high salt concentrations in the apoplast and xylem (Donovan et al. 1999 (Donovan et al. , 2001 . Nocturnal transpiration may prevent excessive turgor in plants with high leaf osmotic potential or it may increase oxygen supply to tissues (Marks and Lechowicz 2007) .
Unique challenges arise when quantifying nighttime fluxes using tools that operate at the canopy to regional scales. Worldwide networks of surface flux towers employing eddy covariance systems provide data suitable for describing landscape processes (Turnipseed et al. 2003 , Villani et al. 2003 , Rebmann et al. 2005 . However, subsidence of the boundary layer at night, which results in the loss of turbulence, causes a systematic underestimation of fluxes measured by eddy covariance (E cv ) and energy balance methods (Scott et al. 2004 ). Nonetheless, measurements of ecosystem-level E based on integrated measures at the canopy scale have advantages over measurements of J s , because they eliminate the need to scale from individual stems to stands. Improved flux estimates at night, especially in systems where nocturnal E represent a large proportion of daily total water loss, will provide more accurate estimates of ecosystem-level E.
Riparian corridor ecosystems are especially vulnerable to underestimations of nighttime E cv because of stability of the nighttime boundary layer ansd cold air drainage. These are areas of high productivity and water cycling in what may be hot and dry landscapes (Scott et al. 2004 , Nagler et al. 2005 , Cleverly et al. 2006 . Riparian corridors in the southwestern USA are characterized by saline soil, high water availability and high D, and are dominated by non-native Tamarix species, primarily T. ramosissima Ledeb., T. chinensis Lour. and their hybrids (Di Tomaso 1998). Both Tamarix species are halophytic (Kleinkopf and Wallace 1974 , Busch and Smith 1995 , Shafroth et al. 1995 phreatophytes similar to other riparian corridor plants known to transpire at night (Busch and Smith 1993 , Snyder et al. 2003 , Scott et al. 2004 .
In the studies reported here, we investigated the role of nighttime E in the temporal disparities between E estimated from sap flux measurements (E sf ) and by the eddy-covariance method (E cv ) in T. chinensis-dominated stands. Because nocturnal J s may be attributed to either leaf transpiration (E l ) or tissue rehydration, we investigated nighttime stomatal opening, E l and stem tissue hydration in monospecific stands of T. chinensis. We anticipated that: (1) nighttime E would be high, exceeding 20% of daily total; (2) E cv would underestimate nighttime E; (3) the ratio of nighttime J s to daily total J s would increase with water availability; and (4) positive nighttime E l and stomatal opening would be associated with nighttime J s and D. If such evidence is found, we attribute temporal incongruence between E cv and E sf to the underestimation of nighttime E by the eddy covariance technique.
Materials and methods
This study was conducted at sites within the riparian corridors of the Rio Grande River in New Mexico and the Pecos River in Texas. The vegetation at both sites is dominated by Tamarix chinensis monocultures. The Rio Grande site is located at the Bosque del Apache National Wildlife Refuge (33°46′52″ N, 106°52′38″ W), and supports a dense thicket of Tamarix (2.6 stems m -2 ; 31.3 m 2 sapwood ha -1 ) , 2006 . The Pecos River site (30°58′49″ N, 101°58′29″ W) is densely vegetated (> 90% cover) with mature T. chinensis in a riparian band about 20 m wide.
Xylem sap flow
Heat dissipation sap flux sensors (Granier 1987) were installed in the outer 10 mm of sapwood within 0.5 m from the ground surface. Mean sapwood depth in T. chinensis is around 10 mm, so that in many cases the sensors spanned the entire sapwood; however, because sapwood depth is highly variable circumferentially, installations in sapwood less than 10 mm deep frequently occurred. To minimize installations in shallow sapwood, we selected installation sites where active growth was apparent, so that measured J s was likely near the maximum for the species. At the Rio Grande site, sensors were installed in July 2004 in 11 stems, about 20 m from the eddy flux tower base. Readings were taken every 30 s and averaged over 30-min intervals. Results are reported for the period August 27 (DOY 240) to October 26, 2004 (DOY 300) . At the Pecos site, sensors were installed in May 2006 in 12 stems within a 20 × 20 m area and 30-s readings were averaged over 10-min intervals. At both locations, sapwood basal area per unit ground area was quantified by digitizing sapwood on digital photographs of cut stumps. All stems containing sap flow sensors were dissected at the sensor installation point to determine sapwood depth to the nearest 0.1 mm. Differentiation of active xylem was verified by staining fresh cut stems with methyl blue dye.
Because the Rio Grande study reports J s over 2 months, we compensated for small influences of background temperature flux (Do and Rocheteau 2002) and shallow sapwood. Background temperature fluxes decreased J s estimates by about 4%. Sapwood depths ranged between 3 and 28 mm in the immediate area where the 11 sensors were installed. Consequently, only J s from the six stems with sapwood deeper than 4 mm are reported here. Corrections to J s were made for five of six stems with less than 10 mm of sapwood (Clearwater et al. 1999) , resulting in a 2.8-fold increase in mean estimated total sap flux.
The heat dissipation method uses an empirical equation that relates instantaneous temperature gradients to daily maximum values representing zero sap flow. The method assumes that J s drops to zero each night, at least temporarily. In T. chinensis, however, observed patterns in daily maximum temperature gradients revealed substantial day-to-day changes in nighttime baseline value. To improve our estimates of nocturnal J s , we made the assumption that zero J s occurred at least once every seven days, and we applied a moving window to determine maximum temperature gradients within a 7-day period. This assumption minimizes error due to sensor drift, and allows estimation of nocturnal J s . However, if true zero flow occurred less than once in 7 days, nocturnal J s will have been underestimated.
Eddy covariance
A three-dimensional eddy covariance (3SEC) flux system was mounted on a tower over the T. chinensis thicket at the Bosque del Apache NWR site (Cleverly et al. , 2006 . The 3SEC method involves 10 Hz measurements of wind speed in three dimensions (CSAT3, Campbell Scientific), humidity (LI-7500, Li-Cor), temperature (CSAT3), and carbon dioxide concentration ([CO 2 ]) (LI-7500). The 30-min covariance between vertical wind speed and humidity or [CO 2 ] was used to determine E cv and carbon flux (F c ) (Cleverly et al. 2006) . The CO 2 flux data were filtered to avoid observations when the variance of [CO 2 ] measurements exceeded baseline, a condition that occurred surrounding precipitation events. By monitoring F c in addition to E cv , phenological events such as leaf senescence can be identified.
Micrometeorology
The Bosque del Apache tower is equipped with sensors measuring micrometeorological conditions. Measurements used in this paper include top-of-canopy humidity and air temperature (T a ) (HMP45C, Vaisala, Vantaa, Finland), above-canopy net radiation (R n ) (Q7.1, REBS, Bellevue, WA), precipitation (TE525) (Texas Electronics, Dallas, TX) and surface (0 -10 cm) soil water content (θ soil ) (CS-616, Campbell Scientific). Nighttime was defined as the period when R n ≅ 0. Nights were referenced to the previous day's "night of year."
Gas exchange and water relations
At the Pecos site, J s measurements were taken at 10-min intervals. We also conducted diurnal sampling for two 24-h periods (May 8 and July 17). Measurements of leaf gas exchange, leaf water potential (Ψ L ), and stem water content were taken at 3-h intervals. Leaf samples were collected for assessment of stomatal opening (described below).
Leaf gas exchange rates, including net assimilation rate (A net ), and E l and stomatal conductance (g s ), were measured with a Li-Cor LI-6400 infrared gas analyzer. Twelve leaves were measured every 3 h on separate trees distributed throughout the 20 × 20 m area. For each replicate, we used an external light source providing constant irradiance. Cuvette [CO 2 ] was 380 ppm.
Leaf water potential was measured with a PMS Model 1000 pressure chamber (Plant Moisture Systems, Corvallis, OR). Twelve samples were measured every 3 h on separate trees distributed throughout the 20 × 20 m area. Samples were immediately put in plastic bags and kept cool. Measurements were taken within 10 min of sampling.
Stem volumetric water content (θ stem ) was measured on 12 stem sections, about 10-30 mm in diameter and 200-300 mm long, which were collected from separate trees distributed throughout the 20 × 20 m area. Collections were repeated at 3-h intervals throughout the 24-h period. Samples were immediately sealed in polyethylene bags and kept cool to prevent evaporation. Within 24 h of collection, stem wet mass was measured and samples were then oven dried at 60°C to constant mass.
Stomatal aperture
Twelve leaves were collected every 3 h from separate trees distributed throughout the 20 × 20 m area. At each collection, surface impressions were made by coating intact leaves with a thin layer of clear acrylic paint. The leaves were excised, sealed in vials, and kept cool. Dry impressions were peeled from leaves and examined with the aid of an inverted microscope at 400× magnification. Because stomatal density and sample quality varied from sample to sample, we observed 43 to 95 stomata per sampling time. (Figure 1 ). The proportion of nocturnal J s was unbiased by corrections made for shallow sapwood (Figure 1, inset) . Diurnal trends in J s were similar in most stems and were closely related to D (Figure 1 Minimum D was less than 1.0 kPa every night (Figure 3a ). Nightly D minima coincided with minima in R n (Figure 3c ) before October 7 (DOY 280) (Figure 3a) . Surface θ soil decreased steadily until October 5 (DOY 278), after which it increased coincidentally with D minima (Figures 3a and 3b) . Before September 23 (DOY 267), mean daytime R n was greater than 400 W m -2 , except on three cloudy days (Figure 3c) . Mean daytime F c was -0.18 mg m -2 s -1 and mean nighttime F c was 0.21 mg m -2 s -1 before September 23 (Figure 3) , whereas after September 23, mean F c was -0.008 mg m -2 s -1 and 0.14 mg m -2 s -1 during the day and night, respectively (Figure 3d) , and cloud cover was common and persistent (Figures 3c and 4) .
Results

Rio
Daily E cv of the Rio Grande T. chinensis stand peaked at 6.9 mm, whereas E sf peaked at 4.1 mm (Figure 4) . Nocturnal E sf contributed up to 36.6% of diurnal E sf , if all nighttime J s was attributed to E l . Temporal patterns in E cv and E sf were similar during the earlier sampling period, from August 27 to September 23 (Figure 4 , before dotted vertical line, DOY 240-267), when nocturnal E sf was only a small proportion E cv (Figure 4) , and when soil evaporation (E soil = E cv -E sf ) averaged 1.9 mm day -1 , or nearly 35% of E cv . An abrupt shift occurred after 4.8 mm of rain on September 23, beyond which E cv was about the same or less than E sf and temporal patterns were incongruent for the remaining 32 sampling days (Figure 4 , after dotted vertical line). The proportion of J s observed at night increased twofold after September 23 (DOY 267) (Figures 4 and 5) . The proportion of E cv observed at night remained constant at 5% of daily E cv over the same period (Figure 5) . Daytime E cv was 3 mm day -1 lower between September 23 and October 26 ( Figure 5) . Nocturnal E sf as a proportion of daily E sf peaked following rain events (Figure 4 ).
Pecos River study: nighttime sap flux and transpiration
The Pecos River site was drier on July 17 than on May 8, with higher T a (Figure 6b ) and D (Figure 7c) . Maximum daily and nighttime J s were lower in July than in May (17 and 10% of daily total, respectively; Figure 6a ), and the morning rise in J s occurred earlier in May than in July.
Midday A net was higher on May 8 than on July 17 (Figure 6c) ; however, there were no major differences in nighttime A net . Likewise, peak vales of E l were higher on May 8, but there were only small differences between dates in nighttime E l (Figure 6d) . We assume that, between May 8 and July 17, when trends in J s ( Figure 6a ) followed trends in E l and g s , differences in nighttime J s were attributable to differences in E l . On both dates, E l was above zero ( Figure 6d ); and J s trends followed g s (Figure 6e ), where g s was significantly higher during the nighttime hours of 0200, 0500 and 2300 h on May 8 than on July 17.
Mean daily θ stem and Ψ L were lower later in the growing season (Figures 7a and 7b) . Values of θ stem indicated consistently more water on a volume basis on May 8 than on July 17 (Figure 7a , mean of 72 and 64%, respectively). Moreover, θ stem fluctuated 4% more throughout the day in May (Figure 7a ) and was associated with higher nighttime J s values in May (Figure 6a ) than in July. The diurnal variation in θ stem is indicative of the magnitude of stem capacitance for water storage. As with θ stem , Ψ L fluctuated more on May 8 than on July 17, with higher maxima and lower, later minima than in July (Fig-524 MOORE, CLEVERLY AND OWENS TREE PHYSIOLOGY VOLUME 28, 2008 ure 7b). Because of the magnitude of nocturnal J s in May, both θ stem and Ψ L recovered at night. Additional evidence of nighttime E l was provided by observation of leaf impressions, which revealed that stomata were partially or fully open at night (Figures 7d and 8) . At least 18% of the stomata were at least partially open at all times (Figure 7d) . In May, most stomata were closed at 0200 h, corresponding with the highest θ stem (Figure 7a ). The opening of stomata at 0500 h corresponds with the initial morning rise in J s (Figures 6a and 7d) . In contrast, stomata were closing between 0200 and 0500 h in July (Figure 7d ). There were proportionally more open or partially open stomata at midday in May than in July, corresponding with higher peak J s and g s (Figures 6e and 7d) .
Discussion
As expected, nighttime J s of T. chinensis was often high, with a peak value equal to 36.6% of the daily J s . This value is greater than previously reported nighttime E l in woody species, including Pinus ponderosa C. Lawson (21%; Fisher et al. 2007) , Styrax ferrugineus Ness et Mart. (22%; Bucci et al. 2005) , Acer saccharum Marsh. (25%; Dawson et al. 2007) and Populus balsamifera L. (~26%; Snyder et al. 2003 ).
Nighttime J s contributed primarily to E l not to tissue rehydration. Stems of T. chinensis are small compared with most temperate trees (typically less than 10 cm in diameter, G.W. Moore and M.K. Owens, unpublished data), with relatively small sapwood volumes and, hence, limited water storage capacity (mean sapwood basal area is 9.2 cm 2 (n = 709 stems), G.W. Moore and M.K. Owens, unpublished data). Diurnal changes in θ stem , and in particular the nighttime rise in θ stem , were too small to account for the observed rates of nighttime J s (Figure 7) . Independent measurements of stomatal opening, J s , and g s are consistent with the occurrence of substantial nighttime E l (Figures 6-8) . Although nighttime stomatal opening in Tamarix has been reported previously (Anderson 1982, Musselman and Minnick 2000) , we believe this to be the first study demonstrating an association between stomatal opening and nighttime E l , indicating that nighttime E l was not due solely to cuticular transpiration (Caird et al. 2007) .
As anticipated, nighttime J s was related to D, with J s rising exponentially across the observed range of D at night, whereas a sigmoidal relationship is evident during the day (Figure 2 2004), there may be a minimum threshold for nighttime E sf when D is low . The most meaningful period to investigate the relationship between D and J s was the period preceding senescence (Figure 2 ). We observed minimal J s when D dropped below 1.0 kPa. Nocturnal E in Tamarix may be an adaptation that regulates solutes (Donovan et al. 1999) or it may be a consequence of the consistently high soil-to-atmosphere water potential gradients (Donovan et al. 1999) (Figure 7b ). The minimum threshold of D at which nighttime E occurred diminished during the period of senescence and leaf abscission after October 6th (DOY 280, Figures 3a and 3d) . This effect may be related to loss of canopy water storage capacity due to thinning of the canopy, increased carbon airflow, and reduction of evaporation and evapotranspiration. Sap flux data from the largest stem in the study ceased after October 6th whereas both daytime and nighttime J s continued through this period in some other stems, and measurable fluxes of E cv were observed (Figure 4 ). The flattening of the fitted daytime J s -D curve at high D, likely reflects stomatal limitation of water loss after midday as both tissue dehydration and D approach a peak. Sap flux at the Rio Grande study site showed little relationship with θ soil (Figures 3b and 4) , suggesting that trees maintained contact with groundwater throughout the study. At this site, silty clay loam prevents rapid wetting at the soil moisture sensor depth following most rainstroms (Figure 3b ).
Our comparison of E cv and E sf indicates that nocturnal E cv as a proportion of daily E cv underestimates nighttime E (Fig-526 MOORE, CLEVERLY AND OWENS TREE PHYSIOLOGY VOLUME 28, 2008 ure 4). If evaporative water loss from soil continued between DOY 276 and 300 at the same rates as during the previous period (estimated at 35% by E cv -E sf ), then average E cv should have been approximately 2.4 mm day -1 + 35% = 2.9 mm day -1 . A statistical analysis of differences between means for the two techniques was not possible because the eddy covariance measurements were unreplicated. Values of E cv and E sf were most similar during clear dry periods when nighttime J s was low. The proportion of nighttime J s relative to daily total E was greatest immediately following rain events (Figure 4) , although daytime J s declined more than nighttime J s increased (Figure 1) . Similarly a decline in nighttime g s with days since rainfall has been reported in two maple species, Acer saccharum Marsh. and Acer rubrum L. ). Increased nighttime J s following rain events may signify rehydration of stem tissue rather than concurrent transpiration; however, replenishment of stem tissue water reserves is unlikely to have contributed much to nocturnal E between rain events, as the data from the Pecos River study demonstrate.
Although T. chinensis is a phreatophyte, it exhibited water stress late in the season (on July 17), as indicated by reduced Ψ L , J s , g s and θ stem and an increased proportion of closed stomata (Figures 6 and 7) . Water stress on July 17 also reduced nighttime J s and g s , and thus we infer that it reduced nighttime E. Although the Pecos River study covered only two 24-h periods, the results are consistent with longer-term trends at the Rio Grande site where nighttime E was lowest between rain events. Our studies, together with results of earlier work , support the idea that nocturnal E is greatest during periods of low water stress. 
